). In this last application, a micro grooved FMHP made of copper was tested and filled with methanol.
Unlike conventional FMHP applications, the heat source is larger than the heat sink. The cooling system is used for its heat transfer capacity as well as its heat spreading characteristics that permits to homogenize the temperature in the core of fuel cells.
In FMHP's, the liquid returns from the condenser to the evaporator through a capillary structure made of parallel or crossed micro grooves, meshes, sintered powder wicks... Several works have been published for the thermal and hydrodynamic modeling of FMHP with longitudinal micro-grooves (Longtin et al. properties are calculated at the saturation temperature T sat which is assumed to be uniform inside the FMHP (equal to the vapor temperature).
Thermal model and analytical solution
A 3D thermal model has been developed assuming that all the surfaces of the FMHP are well insulated except the heat sources and heat sinks. The 3D heat conduction equation is analytically solved for the FMHP wall. Heat transfer by conduction and phase change in the porous medium is taken into account through a Fourier boundary condition at z = 0. Two different values of capillary structure equivalent conductivities are considered here, namely one for the structure filled with an evaporating liquid and the other for the structure in which condensation takes place. Thus, the analytical solution for the temperature field inside the wall is obtained as the sum of two independent solutions:
where T e and T c are respectively the temperature field due to heat transfer from the heat sources to the vapor and the temperature field due to heat transfer from the vapor to the heat sink. It should be emphasized that this superposition of two independent solutions is exact only if the distance between the heat sources and the heat sinks is large enough to avoid superposition of evaporating and condensing areas.
At z = c, the boundary condition is assumed to be an imposed heat flux ϕ 0 at the heat sources, an imposed heat flux equal to −η × ϕ 0 at the heat sink (η being the ratio between the heat source and the heat sink areas) and a heat flux equal to zero in the adiabatic area.
Introduce the non-dimensional coordinates X, Y and Z :
and the non-dimensional lengths:
The non-dimensional temperature field inside the FMHP wall, T * , can thus be expressed as the sum of two independent and separated solutions:
T * e = λ s (T e − T sat ) /ϕ 0 c is the non-dimensional temperature solution of the following 3D steady-state heat conduction equation:
with the following boundary conditions: 
with the following boundary conditions: Depending on the boundary conditions, the non-dimensional temperature T * can be expanded in a form of an infinite Fourier series:
The non-dimensional heat flux can be written using the following expression:
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The expressions of A m0, e , A 0n, e , A mn, e , A m0, c , A 0n, c , A mn, c , B m0, e , B 0n, e , B mn, e , B m0, c , B 0n, c and B mn, c are given in Appendix.
Hydrodynamic model and analytical solution
Based on the model by Lefèvre and Lallemand (1) and the new boundary conditions, the relative pressure field of the liquid can be expressed in a Fourier series as well:
This equation is obtained by introducing Darcy's law into the liquid mass balance assuming a 2D flow. A similar approach was adopted for the vapor to calculate the pressure field inside the FMHP. The vapor is assumed to be laminar between two parallel plates. Combining this assumption with the mass balance for the vapor yields:
The expressions of C m0 , C 0n and C mn are given in Appendix.
The maximum heat transfer capability of the FMHP (capillary limit) is reached when the following expression is verified:
where the subscript g is related to gravitational forces and ∆P cap is the capillary pressure inside the FMHP.
The capillary pressure can be calculated using the following classical expression, which results from the Young-Laplace equation:
in which σ is the surface tension of the fluid.In case of rectangular microgrooves, r 2 = ∞ and r 1 is the minimum meniscus curvature radius defined as:
with l g the groove width and θ the wall/liquid contact angle. Some expressions can be found for different capillary structures in the literature. For condensation, Faghri (14) recommends to use the solution for the case of parallel heat conduction in both the fin and the liquid in the groove:
Heat transfer by condensation occurs mainly on the fin top rather than in the grooves because the thermal resistance of the fins is much lower than the liquid thermal resistance. Thus, a liquid film overlays the fin top. Actually, the fins are generally made of a high thermal conductivity material, which is about 100
to 1000 times higher than the liquid thermal conductivity. Depending on its thickness, the condensing film thermal resistance is not negligible and can be higher than the wall resistance. In Eq. 22, this film is not taken into account, which over-estimates the equivalent conductivity in condensation.
Chi, cited in (14) has developed a correlation to calculate the groove equivalent conductivity during evaporation:
This expression does not take into account the meniscus curvature radius.
However, heat transfer by evaporation mainly occurs at the junction between the meniscus and the fin. The larger the radius of curvature, the lower is the equivalent conductivity.
As it has been shown above, literature expressions for equivalent conductivities of micro-grooves in the evaporator and condenser sections are not suitable. This is the reason why we built a numerical database to calculate λ eq in methanol-filled groove structures. This database includes values of λ eq for a large number of conditions (various geometries, sizes, meniscus radius...) and
is presented under the form of dimensionless correlations. It was obtained from a specific 2D thermal model of a grooved capillary structure that was developed and validated by Lefèvre et al. (11) on one hand for evaporation ( Fig. 2) and on the other hand for condensation ( Fig. 3 ).
Equivalent thermal conductivity during evaporation
As regards the evaporator cross-section (Fig. 2 
where a c is the accommodation coefficient,R the universal gas constant and M the molecular weight. For methanol, a c is equal to 0.13 (16) .
The equivalent thermal conductivity is deduced from the resulting temperature field. In the range of parameters listed in Table 1 , the results can be arranged under the form of a correlation that takes into account the geometry parameters (H g , l g and l f ), the fluid properties, the evaporation heat transfer coefficient derived from the gas kinetic theory (h int ) and also the meniscus curvature radius R. The resulting temperature field is independent of the heat flux so that ϕ 0 is not included in the correlation. The constant and exponents of the correlation were obtained by the least square method and the resulting expression is as follows:
As shown in Fig. 4 , the correlation predicts 100 % of the data within a ±20 % 
Equivalent thermal conductivity during condensation
In the condenser section, the condensation of the vapor occurs mainly on the top of the fin rather than in the grooves because of the high thermal conductivity of the FMHP wall. For the calculation of the equivalent thermal conductivity, it is necessary to accurately know the liquid film thickness δ on the top of the fin (Fig. 3 ). Another specific model, namely a hydrodynamic model based on the conservation equations and the Young-Laplace law is used to calculate it (Lefèvre et al. (11) ). Once the liquid film thickness on the fin is known, a specific 2D thermal model is used to calculate the equivalent thermal conductivity during condensation. This thermal model is similar to the specific thermal model described in Section 3.2, except that the heat flux ϕ 0 is exiting the system at the wall. A constant heat flux ϕ 0 is considered outside the wall.
For the calculation of the condensation heat transfer coefficient, the gas kinetic theory is also invoked, so that Eq. 24 is used to calculate the heat transfer coefficient h int at the liquid-vapor interface.
The correlation has been developed from a numerical database whose range of parameters is listed in Table 2 . The correlation includes the geometry parameters (H g , l g and l f ), the fluid properties depending on the saturation temperature, the heat flux ϕ 0 and the meniscus curvature radius R. While the temperature field was independent of the heat flux during evaporation, it strongly depends on ϕ 0 during condensation, since the heat flux controls the liquid film thickness at the top of the fins. For the sake of simplicity of use in practice, the heat flux is preferred to the liquid film thickness as a parameter of the correlation. The coefficients have been determined using the least square method. The correlation is as follows: 
Coupling of the hydrodynamic and thermal models
The key to the use of the correlations is the evaluation of the curvature radius R along the grooves and especially in the evaporator and condenser regions.
The value of R is not known a priori. In working conditions, it varies from the evaporator to the condenser because of the evaporating and condensing phenomena. However, the value of R is known in non-working condition since it depends on the properties of the wall and the liquid. It is generally calculated from the value of the contact angle between the meniscus and the wall, which is a characteristic of the solid/liquid pair. In the experimental work used to validate the present model, the meniscus curvature radius was measured in non-working conditions. Its value R 0 is equal to 850 µm which corresponds to a contact angle of 76.4 • for a groove width of 400 µm. It is assumed that in operating conditions R remains constant at the coordinate x 0 corresponding to the section where no phase change occurs (transition between evaporation and condensation phenomena). This hypothesis allows the calculation of the meniscus curvature radii all along the grooves with the hydrodynamic model.
The hydrodynamic model allows the calculation of the pressure field in both the liquid and vapor phases. However, the pressure fields are expressed in terms of relative pressure with respect to a reference pressure value. For the vapor, the reference pressure is the minimum pressure, which is supposed to be equal to the saturation pressure. For the liquid, the reference pressure is calculated at the coordinate x 0 with the Young-Laplace law and R 0 :
Once the absolute pressure fields are calculated for both the liquid and the vapor, the meniscus curvature radii all along the grooves are deduced from the Young-Laplace law. The meniscus curvature radii used for the calculation of both the evaporator and condenser equivalent conductivity are taken at the middle of the evaporator and condenser, respectively.
The thermal and hydrodynamic models are solved in an iterative process since the meniscus curvature radii in the evaporator and the condenser are not known initially. After few iterations the model converges.
Results and discussion
Experimental setup and geometrical parameters
In this section, a comparison between the model results and the experimental data presented in (6) is presented. The FMHP is a long grooved FMHP with rectangular channels, as shown in Fig. 6 . It is grooved only on its lower face, the upper face being sealed with a glass plate, which allows the liquid/vapor 20 meniscus observation in the grooves. A confocal microscope is used to locate the meniscus and to measure its curvature radius in the grooves, the FMHP being in horizontal orientation. The FMHP is made of 109 longitudinal microgrooves, machined in a copper plate of area 230 × 90 mm 2 . The heat source is a thick resistor film of dimensions 190 × 90 mm 2 located on the copper wall.
The heat sink is a water heat exchanger of dimensions 30 × 90 mm 2 . The heat source and the heat sink are separated by a short adiabatic area of length equal to 10 mm. Two series of seven thermistors are located symmetrically along the FMHP wall and their values are averaged in each section. The FMHP is filled with methanol.
It is interesting to emphasize, as explained in Section 2.1, that this configuration is not completely adapted to the present model due to the small distance between the heat source and the heat sink. As a matter of fact, in this configuration, one part of the heat is likely transfered only by heat conduction in the wall from the heat source to the heat sink.
The input parameters of the hydrodynamic model are the porosity ξ and the permeability K. According to Faghri (14) , the porosity is given by the following relationship:
whereas the permeability is obtained by the following expression:
Shah and Bhatti (17) give the following expression to calculate f Re l,h in rectangular grooves:
where α * = min (l g /H g , H g /l g ). Figure 7 shows the comparison between the simulated and experimental temperature profiles along the micro-grooves for heat fluxes ranging from 0.5 to 0.9 W/cm 2 (85.5 to 153.9 W). The saturation temperature is equal to 70 • C.
Comparison with experimental results
The agreement is very good. For a fixed heat flux, the temperatures are constant in the evaporator zone. Then, they decrease in the adiabatic zone and finally tend toward a plateau in the condenser zone. The temperature gradients are higher in the condenser than in the evaporator, which is mainly due to a larger area at the evaporator than at the condenser. In addition, it has been shown experimentally that the maximum heat transfer capability of the FMHP was equal to 0.9 W/cm 2 for a saturation temperature of 70 • C. The value of the minimum meniscus radius, reached before the dryout of the evaporator, is equal to 240 µm and the corresponding contact angle is equal to 33 • . This contact angle value, as well as the contact angle at the coordinate x 0 , are assumed to remain constant for the calculation of the maximum heat transfer capability in the next section.
As a conclusion, we can say that even if the experimental FMHP of Rullière et al. (6) is the less favorable configuration for the present model due to the small distance between the heat source and the heat sink areas, the model has been thermally and hydrodynamically well validated.
Results of the model
In this Section, the influence of the saturation temperature and geometry on the maximum heat flux transferred by the system is presented. Figure 9 shows the influence of the saturation temperature on the maximum heat transfer capability. The higher the saturation temperature, the higher is the maximum heat flux. When the saturation temperature increases from 40 to 90 • C, the maximum heat flux is multiplied by almost 3.5. When the temperature increases, the liquid viscosity decreases so that the liquid pres-23 sure drops decrease. Furthermore, Fig. 9 also depicts the influence of T sat on the thermal resistance that is calculated as the ratio between the maximum temperature difference along the FMHP and the heat rate. The higher the saturation temperature, the higher are the vapor density and the latent heat of vaporisation. As a result, h int increases and the thermal resistance decreases.
The influence of the groove width on the maximum heat transfer capability is shown in Fig. 10 , for a constant fin width equal to 400 µm. The heat flux increases with the groove width because the liquid cross section increases (and thus the liquid flow rate increases for a given pressure drop). Furthermore, the overall thermal resistance increases linearly with l g which is due to the low thermal conductivity of the liquid compared to the wall thermal conductivity.
When the groove width increases from 200 to 600 µm, the overall thermal resistance is multiplied by 4.5.
Conclusions
Flat micro heat pipes are very efficient thermal management systems. Lefèvre The correlations determined here for methanol and rectangular grooves may be extended in the future to a wider range of geometrical parameters, fluids and wall materials. Furthermore, the influence of the saturation temperature and geometry on the maximum heat flux transferred by the system was presented. 42 Table 1 Numerical database for calculating the equivalent thermal conductivity during evaporation (15000 data points).
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